The 2004 off the Kii peninsula earthquakes (Mj7.1 and Mj7.4) occurred at the Nankai trough, on 5 September 2004. Clear strain-steps associated with these earthquakes were observed with Ishii-type borehole strainmeters and quartz-tube extensometers in the Tokai and Kinki districts. We investigated the spatial and depth distribution of the observed principal strain changes and compared the observed strain-steps and theoretical calculations at all observatories. The following results were obtained: the observed strain-steps at all observatories are generally consistent with the polarities of the theoretical values, and the observed strain-step increases with depth at the same place. As for the Togari site, the following relationships are obtained: the strain-step and the tidal strains increase with depth and increasing of the modulus of elasticity, namely, hardness of rock. We consider that the geological structure around the observatory may cause a modification of the strain field.
Introduction
Strain-steps associated with large earthquakes have been reported during the last few decades. For example, Kasahara (1974) and Okada (1975) investigated the space distribution of the co-seismic strain-steps observed with extensometers which are widely distributed throughout Japan, and compared the co-seismic strain-steps with the theoretical values from a dislocation model of the earthquakes, showing many strain steps which agree with the polarity of the theoretical value and some strain steps which do not agree. They suggested the mechanical instability of the observation equipment, groundwater flow change, etc, as possible causes. However, the causes are inconclusive.
During the last 10 years, in the Tokai and Kinki districts of central Japan, several crustal movement observatories were built by the Tono Research Institute of Earthquake Science (TRIES) and Geological Survey of Japan (GSJ), and stable continuous observations have been performed with a 20 bit A/D resolution, far superior to that of the previous resolution. In the Tokai district, Nagoya University has been performing continuous crustal movement observations for the last 30 years. Under these circumstances, the 2004 off the Kii peninsula earthquakes (Mj7.1 foreshock and Mj7.4 main shock) occurred at the Nankai trough at 19:07 and 23:57 (JST), 5 September 2004, respectively (Fig. 1) .
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Clear strain-steps associated with these earthquakes were observed at each observatory. In this study, we investigate the spatial and depth distribution of the observed strainsteps and compare the observed steps with the theoretical values from a dislocation model of the earthquakes, and attempt to clarify the differences of the strain field.
Observation
We analyzed the crustal strain data of the observatories shown in Fig. 1 and Table 1 . The Byobu-san borehole observatory (BYB) is the deepest multi-component continuous monitoring of crustal activities in the world (Ishii et al., 2003) . The Togari borehole observatory consists of two boreholes with depths of 350 m (TGR350) and 165 m (TGR165). These two boreholes were drilled about 3 m apart. The instruments were installed in the granite bedrock all three borehole observatories, which belong to TRIES. At the Mizunami vault-type observatory (NAMZ) is located in the Tertiary sedimentary rocks. The Asahi (NAAS), the Inabu (NAIB) and the Toyohashi (NATY) are vault-type observatories. NAAS and NAIB are located in the granite. NATY is located in the pre-Tertiary sedimentary rocks. These four vault-type observatories belong to Nagoya University. At the Toyohashi borehole observatory (TYH1) and the Ohara borehole observatory (OHR), belonging to GSJ, the instruments were installed in the pre-Tertiary sedimentary rocks and pre-Tertiary volcanic rocks, respectively. At these borehole and vault-type observatories, crustal strains were measured by Ishii-type borehole strainmeters (Ishii et al., 2002) and quartz-tube extensometers, respectively. The sampling interval of the strain data at TGR350, TGR165 and NAMZ is 1 Hz, 20 Hz at BYB, 1 min at NAAS, NAIB and NATY, and 2 min at TYH1 and OHR. TGR350 and TGR165 are located about 100 m southwest of NAMZ. TYH1 is located about 100 m south of NATY. Using the borehole observatory and at close proximity to the vault-type, we constructed a "three dimensional array observation system of crustal movements" at Togari (TGR350, TGR165 and NAMZ) and Toyohashi (TYH1 and NATY). We observed the crustal strains at different depths in the same places using these array systems ( Fig. 1 and Table 1 ).
Analysis
To investigate the strain field changes, namely the principal strain changes associated with the foreshock and the main shock at each observatory, we analyzed the strain data using the following procedures [1] . To standardize the various sampling interval data, a sampling interval of 1 h was selected. The data for a month in September 2004 were smoothed by applying a low-pass filter (moving average ) . α is a modification coefficient. Unit of observed strain-step (Obs) and theoretical calculations are nano-strain. Unit of the direction of the maximum principal strain is degrees; clockwise from the north are positive. Mj7.4 with cut-off frequency of 30 min; Asai et al., 2001 ) before extracting hourly data from the original data [2] . Using the tidal analysis program BAYTAP-G (Tamura et al., 1991) , we calculated the solid Earth tide component and the atmospheric pressure response of each data; they were then removed from the data and the residual component was obtained [3] . Assuming plane strain, the principal strain was calculated from the residuals of the three independent directions and the size of step and the direction of maximum principal strain associated with the foreshock and the main shock were calculated after subtracting a liner trend fit to 115 h of data preceding the foreshock so as to minimize the strain variation before the earthquake (Obs in Table 2 ). Figure 2 shows the hourly maximum principal strain of all observatories from 1 to 10 September as an example. The theoretical principal strain associated with the foreshock and the main shock at each observatory were calculated by the four fault models of the Geographical Survey Institute (GSI) (M-1 to M-4 in Table 3 ; Geographical Survey Institute, 2004) which are inferred from the co-seismic horizontal movements by GEONET (GPS Earth Observation Network; Miyazaki et al., 1997) . The Earth's crust was approximated as an isotropic homogeneous semiinfinite elastic medium. The altitudes of vault-type observatories were set at sea-level, and the installation depths of borehole equipment were set below sea-level. Using these model parameters with the MICAP-G program (Naito and Yoshikawa, 1999) based on Okada (1992), we calculated the principal strain and direction of the maximum principal strain at each observatory (M-1 to M-4 in Table 2 ).
Discussion and Conclusion
As space is limited, we have only focused on the differences of the amplitude of principal strain. The theoretical values of the principal strains in each observatory are almost the same, while the values from GSI's model M-4 are slightly different compared to the other models (see Table 2 ). As for GSI's models M-2 and M-3, these models are consistent with the aftershock distribution and the fault model on the basis of the displacement field obtained by a campaign survey of GPS in the southern Kii peninsula (Hashimoto et al., 2005) . Therefore, comparison of the theoretical values, which were calculated from GSI's model M-2 of the foreshock, and those observed are shown in Fig. 3(a) as an example. Similar plots of observed strainsteps for the main shock are shown in Fig. 3(b) . The theoretical values at different depths at the Togari site (TGR165, TGR350 and NAMZ) and the Toyohashi site (TYH1 and The modulus of elasticitiy ( GPa ) NATY) agreed in the nano-strain order (see Table 2 ). This shows that in these regions, which are more than 180 km from the hypocenter, there is no difference in the depth for the principal strain changes required in the isotropic homogeneous semi-infinite elastic medium model. The observed strain-steps for the foreshock and the main shock at all observatories are generally consistent with the calculated polarities (Table 2, Figs. 3(a) and 3(b) ). These agreements are surprising when compared to earlier reports that some observed strain-steps do not agree with the polarity of the calculated values (e.g. Kasahara, 1974; Okada, 1975) , although they were directly compared to the strainsteps of each component. For the NAMZ, NAAS, NAIB, and NATY in the vault-type observatories, a device that suppresses the oscillations of extensometers during earthquakes (Yamauchi et al., 1975 ) appears to be a major factor in obtaining stable and sensible directional data.
At the Togari site (TGR350, TGR165 and NAMZ) and the Toyohashi site (TYH1 and NATY), there are clear differences in the observed strain-steps at different depths for the foreshock and the main shock. To make these differences clear, we obtained the modification coefficients α (α > 0) which are expressed as follows:
where ε(obs) is the observed strain and ε(theo) is the theoretical strain which is calculated from the model. The coefficients α for each observatory using GSI's model M-2 are shown in Table 2 . At these sites, the coefficients α for the borehole observatory are larger than those for the vault-type (Table 2, Figs. 3(a) and 3(b) ). Let us consider the coefficients α from the differences in the geological environments at these observatories. As mentioned in Section 2, TGR350 and TGR165 are located at different depths in granite bedrock. NAMZ is located in Tertiary sedimentary rocks. TYH1 and NATY are located at different depths in pre-Tertiary sedimentary rocks consisting of inclined layers of sandstone, chert and shale. Thus, we investigated the relation between the observed strain-steps and the geological environments using the physical properties of the rocks at each depth at the Togari site. As for the Toyohashi site, no investigation has been carried out, because we have no definite information on the physical properties of the rocks in NATY. The bulk modulus, the shear modulus, Young's modulus and Poisson's ratio at each depth were obtained from the P-wave and S-wave velocity and the density of rock at each depth, which were obtained from well loggings or examination of drilling core samples. Figure 4 shows the modulus of elasticity for each depth at the Togari site, and the modulus of elasticity increases with the depth. Figure 5(a) shows that the observed strain-step increases with Young's modulus. A similar plot for the bulk modulus, and shear modulus is shown in Figs. 5(b) and 5(c), respectively, excluding Poisson's ratio (Fig. 5(e) ). Similar tendencies are observed in the tidal amplitudes, which obtained the tidal analysis of principal strain for a month in September 2004 (see Table 4 and Asai et al., 2001) . At the Togari site, the coefficients α increases with depth and an increasing of the modulus of elasticity, namely, hardness of rock. This is strange because generally the strain in the rock decreases with the hardness.
As for geological structures, between TGR350, TGR165
and NAMZ, there exists a sub-vertical fault with a NNW strike which was recognized geologically (JNC, 2003) . TGR165 is located near the boundary between the Tertiary layers and granite bedrock with a depth of about 100 m, where there are many cracks. There are also several confined aquifers at a depth of 200-360 m in the granite bedrock near the installation depth for TGR350 and TGR165, consisting of a joint system or cracks (JNC, 2003) . We consider that these differences of the geological structure around the observatory, namely the heterogeneity of rocks, may cause a modification of the strain field. A detailed investigation of the modification is the subject for future study.
